Abstract. Rhabdomyosarcoma is a common malignant soft tissue that frequently involves bone and major neurovascular structures and resection of deep-seated rhabdomyosarcoma can cause severe dysfunction in the affected limbs. Based on the mouse osteosarcoma model, we developed a new surgical approach involving photodynamic surgery (PDS), photodynamic therapy (PDT) and radiodynamic therapy (RDT) using acridine orange (AO). Six rhabdomyosarcoma cases were treated using this new modality after confirming the effectiveness of AO-PDT on human rhabdomyosarcoma cell lines. All patients had almost normal limb function after surgery, with only one recurrence. Based on these results, AO-PDS, PDT and RDT can be used to preserve excellent limb function in patients with rhabdomyosarcoma involving major nerves and vessels or bones.
Introduction
Rhabdomyosarcoma is the most common malignant soft tissue sarcoma occurring in children and young adults (1) . Overall 5-year survival rates range from 55 to 71% after surgery with IRS chemotherapy (2) (3) (4) (5) . Although the effectiveness of chemotherapy in rhabdomyosarcoma is still being investigated, it is clear that local recurrence after surgery is a negative prognostic factor (6) . The Intergroup Rhabdomyosarcoma Study Group (IRSG) recommends performing a complete procedure with a wide-margin tumor resection. However, since deep-seated rhabdomyosarcoma arising from the extremities frequently involves or invades nerves, vessels, or bones, wide resection occasionally causes severe dysfunction of the affected limbs. To avoid this scenario, we previously established a new limb salvage strategy involving intralesional or marginal tumor excision supported by photodynamic surgery (PDS), photodynamic therapy (PDT) and radiodynamic therapy (RDT) using acridine orange (AO) in patients with high grade malignant sarcomas (7) (8) (9) (10) . The present study first confirmed the effectiveness of this approach in rhabdomyosarcoma cell lines and then assessed this approach in patients with rhabdo-myosarcoma of the extremities.
Materials and methods
In vitro study. Before clinical use, the effect of AO-PDT on human rhabdomyosarcoma cell lines was investigated. Three cell lines, RD TG50 (embryonal), Rh30 (alveolar) and MIERh1, were studied. RD and Rh30 cell lines were purchased from the ATCC (The Global Bioresource Center™, Manassas, USA) and grown in Dulbecco's RPMI-1640 medium. MIERh1 was established from a human rhabdomyosarcoma of a 17-year-old male in our department. These cells (5x10 3 ) were cultured in RPMI-1640 containing 10% fetal bovine serum (FBS) at 37˚C under a 5% CO 2 atmosphere, using 96-well plates. At 24 h, in pre-confluent cell growth conditions, the medium of the wells was replaced with 0.1, or 1.0 μg/ml AO (Sigma-Aldrich Chemie Gmbh, Taufkrichen, Germany: Lot No.122K0522) containing RPMI-1640. After 10 min exposure to AO, 10,000 lx light (containing all wave lengths of visible light) obtained from a 500 W xenon lamp source (Sanei Electronics Co., Ltd, Osaka, Japan) illuminated the cells to excite the AO bound to the cells. In the control study, the cells were cultured in AO-free or AO-containing medium without subsequent light illumination, or in AO-free medium followed by light illumination. Cell viability in each well was measured using the MTS assay (Promega Corporation, WI, A new therapeutic modality involving acridine orange excitation by photon energy used during reduction surgery for rhabdomyosarcomas Surgical procedure. In all cases, intralesional or marginal tumor excision, which is similar to the conventional macroscopic curettage done for benign soft tissue tumors, was performed ( Fig. 1-1 ). These procedures were used to minimize, to the maximum extent possible, damage to intact muscles and bones, as well as major nerves and vessels that were in close contact or involving the tumor and thereby obtain good limb function after surgery. For the next step involving AO-PDS, microscopic curettage using an ultrasonic surgical scalpel (Olympus Co. Ltd., Tokyo, Japan) was done in addition to using a fluorescence surgical microscope, under tumor fluorovisualization after local administration of 1 μg/ml of AO solution for 5 min, followed by washing out of the excess AO solution with saline and excitation with blue light, which most effectively excites AO to emit green fluorescence ( Fig. 1, 2-5 ). The microscope was equipped with an interference filter (450-490 nm) to select the blue light emitted by a xenon lamp and an absorption filter (>520 nm) to allow for observation of the green AO fluorescence under fluorescence surgical microscope (Carl Zeiss Co., Ltd, Oberkochen, Germany). Microscopic curettage was repeated until the green fluorescence disappeared completely from the remnant tumor mass; AO-PDT was applied to the tumor curettage area by illumination (100,000 lx) of unfiltered light from the xenon lamp for 10 min, again using the fluorescence surgical microscope. After closure of the surgical wound without washing out the AO solution, AO-RDT was done using the following procedure. In the radiotherapy room, a single session of X-ray irradiation (5 Gy) Table I . Patients' profile, tumor localization, staging and clinical results.
-
Original Age/Gender - 
I-PDS-PDT, intralesional resection with AO-PDS and PDT; I-PDS-PDT-RDT, intaralesional resection with AO-PDS, PDT and RDT; M-PDS-PDT-RDT, marginal resection with AO-PDS, PDT and RDT.
was applied to the resected area immediately in 3 patients (cases 4-6), in order to achieve a strong cytocidal effect of AO excited by low dose X-rays (10) . Three patients (cases 1-3) or their family rejected AO-RDT due to complications after radiation. The AO concentration, light illumination time and dose (lx), and the radiation dose (Gy) were determined based on the data obtained from our basic mouse model studies (7) (8) (9) (10) . In particular, 5 Gy of X-ray irradiation was found to be sufficient to completely kill mouse osteosarcoma cells exposed to 1 μg/ml AO within 72 h (10). This clinical trial was officially approved by the Ethics Committees of both participating institutions. After a full explanation of the method and purpose of the study was given, each patient and a close family member gave their written informed consent for this clinical study.
Prior to the clinical study, in all cases the sensitivity of each rhabdomyosarcoma to AO was assessed using fresh biopsy specimens, which were exposed ex vivo to 1 μg/ml of AO solution and then observed using a fluorescence stereoscope after illumination with blue excitation light.
Local tumor recurrence was evaluated by magnetic resonance imaging (MRI) and thallium scintigraphy. Limb function after surgery was evaluated using the Enneking criteria (12). In addition, local and systemic complications induced by AO administration, as well as AO-PDT with or without 5 Gy radiation, were assessed by monitoring clinical symptoms and blood test results.
Results
In vitro study. The viability ratios of MIERh1 (Fig. 2) , Rh30 (Fig. 3) and RD (Fig. 4) cells cultured in AO containing medium at concentrations of 0.1 or 1.0 μg/ml followed by light illumination were significantly decreased at 24, 48 and 72 h, compared to the results obtained using control cells cultured in AO-free medium with or without subsequent light illumination, or using cells in various concentrations of AO medium only. Rh30 and RD cells tended to be more sensitive to AO-PDT than MIERh1 cells. These cells died due to rapid cytoplasmic ballooning, similar to that which is observed in mouse osteosarcoma cells after treatment with AO-PDT (7). Clinical study. All tumor specimens were found to be sensitive to AO, based on their ability to emit green fluorescence after ex vivo exposure to AO solution and blue-light excitation (Fig. 5) .
Two of the patients enrolled in this study died due to lung metastasis (died of disease; DOD), two were continuously disease-free (CDF) and two had no evidence of disease (NED) at the time of writing (April 2008). Limb function for all patients recovered to preoperative levels, a rate of 100% based on the Enneking criteria (12) . None of the patients showed clinical evidence of local or systemic complications that could have been caused by AO administration, AO-PDS, PDT or RDT (Table I) .
Case presentation. Case 5 was a 17-year-old boy who had an alveolar type, high grade, malignant rhabdomyosarcoma arising from the hypothenar muscle of the hand. Gadoliniumenhanced MRI imaging revealed a tumor mass within the hypothenar muscles (Fig. 6) . After intensive VAC chemotherapy, the tumor size decreased partially. A wide tumor resection would have sacrificed the hypothenar muscle and the digital nerve. Therefore, to preserve excellent limb function, tumor curettage supported by AO-PDS, PDT and RDT was suggested to the patient and his close family. After obtaining written informed consent, the procedure was performed. On pathology, the tumor had been resected with an intralesional margin (Fig. 7a and b) . Importantly, no tumor recurrence was noted 58 months after surgery and the patient had excellent limb function (Fig. 7c and d) . Case 6 was a 3-year-old boy who had an alveolar type, high grade, malignant rhabdomyosarcoma arising around the hip. Preoperative MRI revealed that the tumor mass was >10 cm in diameter and was localized between the gluteal muscles, in close contact with the sciatic nerve (Fig. 8) . To avoid a serious functional deficit of the lower extremity, after preoperative chemotherapy, the AO procedure was performed. On histopathology, many tumor cells were noted at the margin between the tumor and the sciatic nerve; however, no local tumor recurrence was noted 39 months after surgery. The patient had no dysfunction of the lower extremity (Fig. 9) .
Discussion
Previously, we established a new adjuvant approach using acridine orange excited by photon energy for reduction surgery in high grade malignant musculoskeletal tumors (7) (8) (9) (10) (13) (14) (15) (16) (17) (18) (19) . This approach consists of three main procedures: photodynamic surgery (PDS), photodynamic therapy (PDT) and radiodynamic therapy (RDT). During PDS, after the tumor is excised with an intralesional margin or a marginal margin with minimal damage to normal tissues, especially major nerves and vessels, a dilute AO solution is applied to the resected tumor area to expose the residual tumor mass to AO. Using a xenon lamp and a fluorescence surgical microscope equipped with an interference filter, blue light excitation is selected. Under these conditions, residual tumor mass emits green fluorescence due to the binding of AO to RNA, DNA and lysosomes or acidic vesicles present in tumor cells (13, 14) . This green fluorescence is readily visible using the fluorescence microscope equipped with an absorption filter. Since AO is retained much longer in malignant tumor cells than in normal cells, the green fluorescence is seen only in the tumor mass. Therefore, it is possible to distinguish residual tumor mass from normal tissue. Using an ultrasonic surgical knife, tumor emitting green fluorescence can be resected. The PDS procedure can be repeated until no tumor fluorescence is noted. Next, photodynamic therapy (PDT) is applied to the area where surgery was done using unfiltered light from the xenon lamp for 10 min. AO excited by photon energy produces activated oxygen through a type II photoreaction and activated oxygen oxidizes the cell membrane and the lysosomal membrane. This results in rapid death of most tumor cells due to cell swelling and rupture (necrosis). Tumor cells that survive initially subsequently die within 72 h due to apoptosis caused by DNA, RNA or mitochondrial damage. Therefore, the PDT procedure can kill residual tumor cells that survive following PDS. However, it is difficult to kill tumor cells that are covered or sealed with muscles. Therefore, in the final RDT procedure, after the surgical wound is closed without washing of the AO solution, the surgical area is immediately irradiated with 5 Gy of X-rays in the radiotherapy room. The AO excited by X-ray energy can also kill tumor cells through activated oxygen, since X-rays have much stronger photon energy than visible light. X-ray irradiation has the advantage of reaching deeper areas of the human body than a light beam, even though it is more injurious to normal tissues. Therefore, with the RDT procedure, tumor cells sealed within muscles can be killed. One session of such low dose X-rays does not carry the risk of the development of radiation complications, such as burning, skin fibrosis, or secondary malignancy.
In the present rhabdomyosarcoma study, the in vitro study results using 3 different human rhabdomyosarcoma cell lines showed that the cells were sensitive to AO and that AO-PDT was effective in killing these cells; these results are similar to those we previously reported with respect to mouse osteosarcoma cells (7) (8) (9) (10) and human synovial sarcoma cell lines (18) . In the clinical part of the study, since fresh biopsy materials obtained from the cases emitted green fluorescence from AO after ex vivo AO exposure followed by blue light illumination, it was confirmed that these tumors were sensitive to AO. Treatment with AO-PDS and PDT was followed by AO-RDT in 3 cases and not followed by AO-RDT in 3 cases; only one case developed local recurrence. This particular case was treated with AO-PDS and PDT without RDT after intralesional tumor excision (curettage) because her parents did not agree to radiotherapy due to the risk of secondary malignancy; local recurrence appeared 21 months after treatment. It has been noted that rhabdomyosarcomas treated only with curettage without intensive radiotherapy can recur within 3 months. Therefore, even in this case, AO-PDS and PDT appear to have been effective for local control. Of note, this patient is still alive after a below knee amputation for recurrent tumor. No recurrences were noted in cases treated with AO-PDS, PDT and RDT.
Local control is one of the most important prognostic factors in rhabdomyosarcomas. Therefore, the IRSG recommends wide resection or amputation for rhabdomyosarcomas arising in the extremities. However, after such resections, patients have serious limb function deficits. Even though it is understood that life is much more important than limb function, young patients are left with a serious, long-term, physical and mental handicap after the disease has been cured. AO-PDS, PDT and RDT appear to be helpful to avoid such handicaps.
Based on the experimental and clinical outcomes described, it appears that the use of AO-PDS, PDT and RDT is useful for local control after reduction surgery in rhabdomyosarcoma patients. Given the encouraging results of this preliminary study, further studies involving larger numbers of patients and longer follow-up periods are needed.
